The function and stability of collagens depend on the accurate triple helix formation of three distinct polypeptide chains. Disruption of this triple-helical structure can result in connective-tissue disorders. Triple helix formation is thought to depend on three-stranded coiled-coil oligomerization sites within non-collagenous domains. However, only little is known about the physiological relevance of these coiled-coil structures. Transmembrane collagen XVII, also known as 180 kDa bullous pemphigoid antigen provides mechanical stability through the anchorage of epithelial cells to the basement membrane. Mutations in the collagen XVII gene, COL17A1, cause junctional epidermolysis bullosa (JEB), characterized by chronic traumainduced skin blistering. Here we exploited a novel naturally occurring COL17A1 mutation, leading to an in-frame lysine duplication within the coiled-coil structure of the juxtamembranous NC16A domain of collagen XVII, which resulted in a mild phenotype of JEB due to reduced membrane-anchored collagen XVII molecules. This mutation causes structural changes in the mutant molecule and interferes with its maturation. The destabilized coiled-coil structure of the mutant collagen XVII unmasks a furin cleavage site that results in excessive and non-physiological ectodomain shedding during its maturation. Furthermore, it decreases its triple-helical stability due to defective coiled-coil oligomerization, which makes it highly susceptible to proteolytic degradation. As a consequence of altered maturation and decreased stability of collagen XVII trimers, reduced collagen XVII is incorporated into the cell membrane, resulting in compromised dermal-epidermal adhesion. Taken together, using this genetic model, we provide the first proof that alteration of the coiled-coil structure destabilizes oligomerization and impairs physiological shedding of collagen XVII in vivo.
Introduction
The function and stability of collagens depend on the accurate triple helix formation of three distinct polypeptide chains. Disruption of the triple-helical structure can lead to disturbed collagen maturation and increased sensitivity to proteolysis resulting in connective-tissue disorders. Collagen folding is thought to be initiated by three-stranded coiled-coil structures within non-collagenous domains, which can be localized at the C-or N-terminus, depending on the type of collagen (1, 2) . In cell-associated transmembrane collagens, like collagens XIII, XVII, XXIII and XXV, the coiled-coil structures are localized at the juxtamembranous N-terminus leading to the idea that the folding of the collagenous ectodomain proceeds from the N-to the C-terminus (3) (4) (5) . Although in vitro studies provided evidence that destabilization of the coiled-coil structure by sitedirected mutagenesis led to misfolded transmembrane collagen molecules and prevented trimer formation (3, 6) , no in vivo evidence has been described so far.
Transmembrane collagen XVII, also known as 180 kDa bullous pemphigoid antigen (BP180) provides mechanical stability through the anchorage of epithelial cells to the extracellular matrix (ECM) (7) (8) (9) . Its biological relevance is supported by its implication in genetic and acquired skin blistering disorders, in inherited recurrent corneal erosions and in hair follicle aging (10, 11) . Recently, its importance for the survival of colon cancer stem cells and in the epithelial-to-mesenchymal transition of lung cancer stem cells was demonstrated (12, 13) . The collagen XVII molecule is a homotrimer consisting of three type II oriented alpha-1 (XVII) chains, each with a globular N-terminal endodomain, a short hydrophobic transmembrane stretch and a large C-terminal ectodomain, containing 15 collagenous subdomains interrupted by short non-collagenous stretches. This collagenous ectodomain is constitutively shed from the cell surface by a disintegrin and metalloproteinase (ADAM) members (14) (15) (16) and represents an integral component of the basement membrane (17) . Under physiological conditions, ADAMs 9 and 10 mediate ectodomain shedding (16) , which is involved in the regulation of keratinocyte motility during wound healing (17, 18) . The physiological cleavage of collagen XVII on at least four sites within its juxtamembranous non-collagenous linker domain, NC16A (19) , shows no sequence, but structural specificity (15) . This domain also harbours coiled-coil heptad repeats as an oligomerization motif of collagen XVII upstream of these cleavage sites. Targeted disruption of this coiled-coil structure by site-directed mutation of crucial leucines within the repeat sequence led to unmasking of a furin cleavage site and premature ectodomain cleavage during Golgi transition (6) .
Mutations in the collagen XVII gene, COL17A1, cause junctional epidermolysis bullosa (JEB), characterized by traumainduced skin blistering (20) . The vast majority of COL17A1 mutations lead to premature termination codons (HGMD professional 2016.2) and absence of the protein. Patients lacking collagen XVII suffer from congenital, life-long skin blistering, non-healing wounds, skin atrophy and dyspigmentation, nail loss, scarring alopecia and enamel defects (20) . Only few missense mutations, mainly glycine substitutions, have been reported so far, which are associated with milder phenotypes.
Here we exploited a naturally occurring COL17A1 mutation, leading to an in frame lysine duplication within the coiled-coil structure of the NC16A linker domain of the collagen XVII molecule, which resulted in a mild phenotype of JEB due to reduced membrane anchored collagen XVII molecules. Importantly, based on biochemical and cell biological studies we provide the first proof that alteration of the coiled-coil structure destabilizes the oligomerization and impairs physiological shedding of collagen XVII in vivo.
Results
Clinical phenotype associated with the COL17A1 duplication mutation
The index patient was the offspring of related parents of Turkish origin. At birth, she had had skin blistering, predominantly on the hands. Since sticking plasters induced extensive erosions, epidermolysis bullosa (EB) was suspected within the first months of the patient's life. During childhood, haemorrhagic blisters were mechanically induced on hands and feet. At the last presentation, at the age of 17 years, clinical features comprised acral skin blistering, alopecia, amelogenesis imperfecta and focal palmoplantar keratoderma (Fig. 1A) .
To determine the EB subtype, immunofluorescence microscopy was performed, as described previously (21) . This revealed junctional skin cleavage, with all proteins of the dermalepidermal junction zone present at similar intensities to controls (exemplified are laminin c2 and a3 in Fig. 1B) , except of collagen XVII, which appeared reduced (Fig.1B) . For validation, we used several domain-specific collagen XVII antibodies recognizing epitopes either in the intracellular endodomain (Endo-2) or the extracellular NC16A region of the ectodomain (NC16A and NC16A-3) (Fig. 3A) . Each of the stainings showed reduced and scattered signals in the patient's skin sections, in contrast to the linear distribution in normal human skin (Fig.1B) , suggesting that decreased collagen XVII is the cause of the dermal-epidermal adhesion defect. Sequencing of COL17A1 revealed the mutation c.1480_1482dupAAG, p.K494dup in a homozygous state in the patient, while both parents were heterozygous carriers (Fig. 1C) . The in frame duplication p.K494dup was not found in databases (HGMD professional 2016.2, dbSNP, Exom Variant Server) and is predicted to be pathogenic (PolyPhen 2; Mutation Taster).
Molecular and cellular consequences of the duplication p.K494dup
The duplication p.K494dup is located in the N-terminal region of the NC16A linker domain ( Fig. 2A) , which forms a coiled-coil structure in the amino acid stretch A 487 -I 505 (22) . This structure is thought to be important for the initialisation of the triplehelical formation of the collagen XVII ectodomain (5) . Therefore, we performed in silico analysis of the effect of the p.K494dup mutation on the coiled-coil structure using the MARCOIL program (23, 24) . This prediction revealed an approximately 40% reduced coiled-coil probability for collagen XVII K494dup within the amino acid stretch A 487 -I 505 as compared to normal collagen XVII ( Fig. 2A and supplementary Material, Table S2 ). The amino acid sequence which generates the amphipathic alpha helical coiled-coil structure is characterized by heptad amino acid repeats (a-b-c-d-e-f-g). Ideally, the 'a' and 'd' positions are hydrophobic amino acids, stabilizing the helix through hydrophobic and van der Waals interactions. Positions 'e' and 'g' are preferably charged amino acids and form interhelical electrostatic interactions, whereas the residues in positions 'b', 'c', and 'f' are hydrophilic, forming the helical surface which is exposed to the solvent. Thus, the formation of the heptad repeat depends on the hydrophobicity and charge that are required at a particular position, not on a specific amino acid (25) . The coiled-coil helical wheel projection of mutant collagen XVII K494dup predicts changes of amino acid positions in the heptad repeat sequence: a charged amino acid residue (R493) switches to position 'a' and a hydrophobic residue (V492) to position 'g' (Fig. 2B ), indicating that the formation of the coiled-coil structure is defective. Next, we analysed the consequences of the mutation using keratinocytes isolated from the skin of our JEB patient, designated as JEB K494dup . Quantitative real-time PCR with RNA derived from subconfluent keratinocytes showed no significant difference in COL17A1 mRNA expression in the JEB K494dup cells compared to the control cells (Fig. 3B ). In addition, the analyses of the expression of the genes encoding laminin-332 (LAMA3, LAMB3, LAMC2), collagen IV (COL4A1, COL4A2) and collagenVII (COL7A1) revealed no differences (Fig. 3B ). Also the protein levels of collagen VII and laminin-332 in patient and control keratinocytes were similar (Fig. 3C ). Nevertheless, collagen XVII immunoblot analysis of cell lysates and culture medium revealed clear changes in JEB K494dup versus control cells (Fig. 3C ). Figure 3A displays the epitopes to which the different domain-specific antibodies bind. Endo-2 and Ecto-4 antibodies preferentially bind to the full-length form of collagen XVII (180 kDa), whereas the NC16A antibody preferentially detects the shed ectodomain (120 kDa), which is secreted in the culture medium and deposited in the ECM. Each of the domain-specific antibodies detected strongly reduced full-length form as well as shed ectodomain of collagen XVII in JEB K494dup cell lysates (including total cellular and extracellular ECM deposited proteins) as compared to the controls (Fig. 3C , left panel). In contrast, an elevated amount of soluble collagen XVII ectodomain was found in the culture medium of JEB K494dup keratinocytes (Fig. 3C ). These results suggest that the mutant collagen XVII undergoes increased proteolytic shedding and that the ectodomain is released into the medium, rather than being incorporated into the ECM.
In agreement with the above findings, cell immunostaining with the Endo-2 antibody showed decreased intracellular and cell membrane fluorescence in JEB K494dup keratinocytes, suggesting that the mutation leads to a reduction of the full-length collagen XVII in cells (Fig. 4) . Moreover, no or very little extracellular staining was visible with both ectodomain-directed antibodies (NC16A and Ecto-4) in JEB K494dup keratinocytes (Fig. 4) , indicating strongly reduced deposition of mutated collagen XVII ectodomain in the ECM. However, no changes were seen in laminin-332 and integrins a4 and b6 production and deposition in JEB K494dup versus control keratinocytes (Fig. 4) .
The mutation p.K494dup affects collagen XVII triple helix stability and ectodomain shedding
Next we asked whether the mutation p.K494dup affects the stability of the collagen XVII triple helix. To this end, keratinocytes were cultured under supplementation of ascorbic acid to allow collagen prolyl and lysyl hydroxylation and proper triple helix formation, and the cell lysates were separated by SDS-PAGE under non-denatured or denatured conditions and further analysed by immunoblotting. Under non-denatured conditions, the trimeric full-length collagen XVII was detected at 540 kDa in control keratinocytes. The weaker band at around 360 kDa, most likely represents the dimeric form of collagen XVII (Fig. 5A, left panel) . In contrast, the trimeric collagen XVII form was strongly decreased in JEB K494dup keratinocytes. Instead a 180 kDa band was prominent, which most likely represents the monomeric form of mutant collagen XVII (Fig. 5A, left panel) . As expected, the monomeric collagen XVII form was significantly reduced in JEB K494dup keratinocytes after heat denaturation of the cell lysates (Fig. 5A, right panel) . These results suggest that the trimeric form of mutated collagen XVII is instable.
Since we detected elevated release of mutant collagen XVII ectodomain in the medium of JEB K494dup keratinocytes, we wanted to know whether other proteases are involved and analysed their shedding behaviour in the presence of different proteinase inhibitors. After addition of TAPI-0, a selective inhibitor of matrix metalloproteases or ADAMs, the collagen XVII ectodomain was present in the medium of JEB K494dup keratinocytes, but not of control keratinocytes, indicating that the shedding of the mutant collagen XVII is not dependent on ADAMs, as under physiologic conditions (Fig. 5B) . Surprisingly, Pefabloc, a broad serine protease inhibitor, strongly inhibited the shedding of mutant collagen XVII, suggesting that its shedding is altered. Figure 5C displays the different physiologic cleavage sites by ADAMs (green triangles) and a furin cleavage motif that overlaps with the coiled-coil region (blue box). Since the recognition site of the serine protease furin overlaps with the altered coiled-coil region of the mutant collagen XVII, we investigated whether its cleavage mainly depends on intracellular furin. Indeed, the addition of a selective permeable chloromethylketone furin inhibitor effectively reduced shedding of mutant collagen XVII. In contrast, shedding of normal collagen XVII was only moderately inhibited by either Pefabloc or permeable furin inhibitor (Fig. 5B ). This inhibition has been previously demonstrated to be indirect, because the activation of ADAMs depends on furin (14, 15) . The addition of the non-permeable furin inhibitor, a-1 PDX recombinant protein, did not inhibit cleavage of mutant collagen XVII, indicating that furin cleavage proceeds intracellularly. ) and control (Co) revealed differences in collagen XVII protein levels. The different domain-specific collagen XVII antibodies used for detection are stated on the left sides. On the right panel the protein levels of laminin-332 and collagen VII in cell lysates are displayed. On the right sides, the molecular weights are indicated in kDa. Loading is shown by GAPDH detection.
Discussion
Here we investigate a yet unreported homozygous COL17A1 mutation leading to duplication of a lysine residue, p.K494dup in the coiled-coil structure within the NC16A linker domain of collagen XVII. This mutation causes structural changes in the mutant molecule and interferes with its maturation. The destabilized coiled-coil structure of the mutant collagen XVII unmasks a furin cleavage site that results in excessive and nonphysiological ectodomain shedding during maturation. Furthermore, it decreases its triple-helical stability due to defective coiled-coil oligomerization, which makes it highly susceptible to proteolytic degradation. As a consequence of altered maturation and decreased stability of collagen XVII trimers, reduced collagen XVII is incorporated into the cell membrane, resulting in compromised dermal-epidermal adhesion. Besides providing significant information on fundamental biochemical mechanisms, this report also yields relevant genotype-phenotype correlations. It suggests that the small amount of functional collagen XVII provides sufficient mechanical stability to the skin, except of acral regions, which are particularly exposed to mechanical trauma. The deletion of the NC14A region of murine collagen XVII (DNC14A), which corresponds to the human NC16A linker domain including the coiledcoil structure led to a comparable biological phenotype in mice. Although the transcription of the mutant gene was not altered, only small amounts of DNC14A protein were detectable in mouse skin (26) . The N-terminal region of the NC16A linker domain of collagen XVII was previously shown in vitro to be important as an oligomerization site for proper triple-helical folding and as a regulator for the steric availability of the cleavage sites for physiological ectodomain shedding (4) (5) (6) 15) . Our data thus provide first in vivo evidence emphasizing that the coiled-coil region of collagen XVII supports triple helix stability and physiological ectodomain shedding.
The p.K494dup mutation interferes with the heptad repeat amino acid sequences (a-b-c-d-e-f-g) responsible for the formation of a coiled-coil structure. Nishie and co-workers (2012) had mutated conserved leucines, L 495 and L 502 at the 'd' positions of the heptad coiled-coil sequence of collagen XVII as these typically act as 'leucine zipper' in protein oligomerization (6, 27) . They found a strongly decreased coiled-coil probability as predicted by in silico analysis and reduced triple-helical stability combined with abnormal ectodomain shedding (6) . Even though the K 494 duplication causes less significant changes in the coiled-coil probability score as the above mentioned leucine substitutions, it displaces the heptad repeat sequence and consequently leads to decreased stability of the collagen XVII molecule. The observed reduced triple-helical stability very likely results in higher sensitivity to proteolytic degradation, resulting in a decreased amount of collagen XVII in vivo.
In addition to decreased triple-helical stability, we detected abnormal ectodoamin shedding. Previous findings showed that disruption of the coiled-coil structure in the NC16A domain of collagen XVII led to structural changes within the NC16A domain that preferred furin cleavage rather than the physiological shedding by ADAMs (6) . In agreement, collagen XVII K494dup is also not shed by ADAMs, but by serine proteases like furin. Furin is a proprotein convertase which is involved in the maturation or activation of many precursor proteins (28) . It acts intracellularly, mainly in the trans-Golgi network system whereas ADAMs are supposed to cleave collagen XVII at the cell surface (29, 30) . The reduced amount of the mutant full-length collagen XVII which we observed in patient's skin sections, keratinocytes and cell lysates could be explained by premature intracellular cleavage by furin. This intracellular cleavage leads to the loss of bindingactive full-length collagen XVII at the cell surface and decreased incorporation of the mutant ectodomain into the ECM. The majority of reported collagen XVII mutations resulting in mild JEB are glycine substitutions within the collagenous domain 15, which resulted in the intracellular accumulation of the mutant molecule (31, 32) . Thus, our study describes a novel pathomechanism in which the combination of reduced triplehelical stability and altered maturation of collagen XVII leads to a clinically mild junctional EB phenotype.
The coiled-coil region of collagen XVII is highly conserved among species, indicating an important physiological role. To the best of our knowledge, this is the first case of junctional EB related to a mutation in the coiled-coil region of collagen XVII. It emphasizes the importance of this region for the production and structural stability of collagen XVII, by ensuring the proper triple helix formation and preventing uncontrolled ectodomain shedding. Meanwhile, this study provides evidence that the small amount of residual protein is sufficient to assure physiological functions resulting in mild skin fragility.
Materials and Methods

Tissue samples and cell culture
Skin specimens were obtained after informed written consent from healthy individuals who underwent surgery and from the index patient for diagnostic purposes, and used for immunostainings and isolation of keratinocytes. JEB K494dup and control keratinocyte cell lines were generated by retroviral transduction with the HPV E6E7 genes as described before (33) (reagents are a kind gift of Dr. F. Larcher, Madrid, Spain and Dr. S. Lö ffek, Essen, Germany) and cultured in defined keratinocyte growth medium supplemented with epidermal growth factor and bovine pituitary extract (Invitrogen, Karlsruhe, Germany). For viral production, Hek293 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM, Invitrogen) with 10% fetal calf serum (FCS, Biochrome, Cambridge, GB), 2 mM L-Glutamine (Invitrogen) and penicillin/streptomycin (50 U/ml; 50 mg/ml, Invitrogen). For shedding studies, the protease inhibitors 1 mM Pefabloc (Sigma-Aldrich), 50 mM Furin inhibitor I (Decanoyl-RVKR-chloromethylketon, Millipore, Molsheim, France), 22 mM TNF-a Protease Inhibitor-0 (TAPI-0) (Abcam) and 8.5 mM a-1PDX recombinant protein (ThermoFisher Scientific), were added into the medium for six hours. For the assessment of trimeric stability of collagen XVII, keratinocytes were cultured for 48 hours under addition of 50 mg/ml ascorbic acid to the medium.
Following informed consent, EDTA-blood samples were obtained from the patient and from her parents for genetic analysis. The study was approved by the ethics committee of the University of Freiburg.
Mutation detection and bioinformatics
Genomic DNA (gDNA) was extracted from EDTA-blood using the QiAmp DNA mini kit (Qiagen, Hilden, Germany). For amplification of all COL17A1 exons and exon/intron boundaries primers were used as described (34) , and sequencing was performed on an ABI 7330XL DNA analyzer. Mutations were confirmed by resequencing in both directions. DNA sequences were compared with the reference sequence (NM_000494.3, NC_000010.11) using Mutation Surveyor TM DNA variant analysis software.
In silico prediction of coiled-coil regions in collagen XVII (NCBI accession number NP_000485) and collagen XVII K494dup were assessed using MARCOIL (https://toolkit.tuebingen.mpg. de/marcoil; date last accessed November 30, 2016) (23, 24) .
RNA isolation and qPCR
Total RNA was extracted from the keratinocytes of the patient and of a normal control using the RNeasy V R Plus Mini Kit (Qiagen Hilden, Germany). cDNA was generated using First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) from 1 mg of total RNA and subjected to quantitative real-time PRC using SYBR V R Select
Master Mix (Thermo Fisher Scientific) and CFX96 Real-Time PCR Detection System (Bio-Rad, Munich, Germany). All primers used for qPCR are displayed in Supplementary Material, Table S1 . The data were analysed using the Bio-Rad CFX Manager Software (version 3.0).
Immunofluorescence staining of skin
Immunofluorescence staining of the skin was performed using a panel of antibodies to components of the epidermal basement membrane zone as described (21) . The following domainspecific collagen XVII antibodies were used: the polyclonal antibody NC16A, which binds to the linker domain, NC16A (35) of collagen XVII, Endo-2 (14) which binds to the endodomain recognizing amino acids 367-466 and the monoclonal NC16A3 (36) recognizing amino acids 545-557. The sections were observed with an Axiophot fluorescence microscope (Carl Zeiss, Gö ttingen, Germany).
Immunofluorescence staining of cells
Patient and normal control keratinocytes were cultured 18 hours on uncoated coverslips, stimulated with 40 ng/ml of EGF for 6 hours and fixed with acetone; thereafter, they were processed as described (18) . The following primary antibodies against domain-specific regions of collagen XVII were used: Endo-2, NC16A and Ecto-4 which recognizes epitopes within the 70 most C-terminal amino acids. In addition, antibody against b-actin (clone AC15, Sigma-Aldrich), laminin c2 (GB3, Santa Cruz), integrin a6 (GOH3, Progen) and integrin b4 (3E1, Millipore) were used. Alexa-488 anti-mouse IgG and Alexa-594 anti-rabbit IgG were used as secondary antibodies (both Invitrogen, Darmstadt, Germany). Nuclei were visualized with 4',6-diamidino-2-phenylindole. Images were captured using immunofluorescence microscopy (Zeiss Axio Imager, Zeiss, Germany).
Immunoblotting
For immunoblotting, cultured keratinocytes were extracted with a buffer containing 0.15 M NaCl, 50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 1 mM Pefabloc and 5 mM EDTA (16) . Protein content was quantified with a micro Lowry assay (DC Protein Assay, Bio-Rad, Munich, Germany). Proteins of the medium were concentrated with phenol/methanol precipitation or acetone precipitation before further processing. Normalized amounts of the proteins were subjected to SDS-PAGE with or without boiling for 5 min (denatured or non-denatured condition, respectively), immunoblotted and incubated with the following anti-collagen XVII polyclonal antibodies: Endo-2, Ecto-4, and NC16A (14, 35) . Antibodies against laminin-332 (a kind gift from Kim Yancey) and collagen VII (NC2-10) were used (37) . The blots were incubated with antibodies to b-tubulin (Abcam, Cambridge, UK) or GAPDH (clone 6C5, Millipore, Temecula, California) to control loading. Densitometric quantification of the bands was performed with the software ImageJ (https://imagej.nih.gov/ij/; date last accessed November 30, 2016).
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